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Who | am

A Name: Gabriele Meoni, PhD

A Role: Innovation Officer at European Space Agency
x

A Bringing transformational innovation to Earth Observation applications j ﬁ %JS@STSIOONF '§ t’
\ ESA

A Sections :
0 Advanced Concepts and Studies Office

O Uu-lab

A |EEE GRSS Earth Science Informatics (ESI): technical committee co-chair .
Contacts =

A Topic of interests : ﬁ gabriele.meoni@esa.int

A Edge computing for space
A Atrtificial Intelligence for Earth Observations

o
In gabriele-meoni-53b390131

A Quantum Computing
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L earning objectives’

At the end of this lesson, you will be able to:
A Describe edge computing, Cloud Computing in Space and the main to motivations to apply Al on the edge

for Earth Observation (EO) missions
A Describe modern payload data handling units and main hardware platforms for edge computing in space

A Describe main challenges in edge computing in space and current research trends

3
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Outline

A Edge computing & edge computing in space

A Applications of Artificial Intelligence in space

A A brief introduction to hardware for payload data processing
A Technical challenges/research trends

A Conclusions

4
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Outline

A Edge computing & edge computing in space

A

Do T Do

o
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What is edge compliting?

A Cloud computing model
0 Sending nodes producing data
0 Cloud: distributed computing infrastructure
0 for data processing (e.g., data centres,
0 servers)
o One limitation : large amount of raw data
0 distributed on the network. Limited scalability
0 for highly growing networks

4 4 N 4 N Edge
A Edge computing model _D_ _.D_ _D_ ProCcessors

0 (Pre-)processing data at the edge of the

O network, I1.e., close to the sensors
o Transmitti-hgl oalrgdopda a% tB ~

0 cloud
O Sensors are equl pped through nedgeo processo

Sensors

6
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o

"“,pr0ach‘(1/2) Cesa [0

What about spac e be

A Bent-pipe
A Satellites receive a «<command» when close to
the ground station.
A Satellite transmit data to the ground
St N A Data are processed on the ground segment
J sentinel_2A and then transferred to the end users

Battery: 56%

Temp.: 10.03C
@

Which limitations do you
mage source: hipsiigithub com/aidolse/PASEOS think the bent- D | pe

(Battery and temperature estimates not realistic)

Sentinel2: orbital period 100.6 min apprOaCh has?
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ipe‘approach*(2/2) @esa oy

\-
o Wak Nype

What about spacegiiie begen

A Bent pipe: designed to transmit vast

v

A amount of data to end users
Sensors

A Limitations : Not optimised for:
o fast download of actionable
O Information to the end users

How can we improve this Cloud
via edge computing?
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Edge computing infspace | Cesa GE

Edge computing In space: processing data directly on board

A Artificial Intelligence (Al) algorithms process EO
EO satellite with edge

EO satellit : :
computing capabilities Communication retay pentomey  data on board satellites to extract actionable
% Actlﬂnablelnfﬂrmatmn & % Information (e.g., fire alert + map) [1]
¢ A Actionable information can be transmitted to

P.ﬂyh:m:l Data Payload Data
acquisition processing

end users quickly through a communication relay
satellite
A Why Al:
A State-of-the-art for many EO applications
A Al hardware is versatile and reconfigurable
A Advantages
A Higher autonomy and responsiviness
A Easy reconfigurability
A Data efficient (e.g., possibility to remove
unwanted data)
A N.B. It complements bent-pipe (not-replace!)

Processing, Storage & Cloud
services

9
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Some edge computing in space
MISSIONS

Open Cosmos

Intuition-1 5
KPLabs.

15t on board training

r
.
P g o SaF
F 2, R\
e 1 s( \\ e .
e A T
. o _ | —
- :".—‘;E(.\' " |
4 ey N e € e e N |
=S AT n Yy W
P e e mm o 6 f
T M A |\
HE) T (O
1 B Wl b BN A - a5l |
, - - — | s
1= | = &
R RS B . ot IR Lok .
o~ = . X 1 "
: ) ~ WL i —-
£ e = ~ 0
s==ao.
. b4 A
-
~ [ fyet. - 7 { ‘
! * U
N \ N | N
| 2, . l B
y % o | 3 \ | Yy .
b 2 W | | ) rr
| ) | !

KuvaSpace

15t EO mission running
DNNs on a COTS Al
processor on board

LEGEND

. Fully supported by ®-lab
‘ Supported by O-lab Explore Office

Supported by InCubed Once




Edge computing: \Where?-

A Satellites are composed by main 2 elements:

A Platform
0 Responsible for main satellite functions
(e. g. , Power distri bution, Attitude &

Edge computing

o The main computing element is called — relevant to both

Onboard Computer (OBC)

A |One or more Payloads .

We limit our
0 Re_sponsi_ble for scientific/commercial purposes of the exploration to
mi ssi on (e.g., EO dat a vaUEdﬁécBrﬁpﬂtng’forpr
o The main computing element is called payload data
Payload Data Handling Unit (PDHU) processing

11
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Outline

A
A Applications of Artificial Intelligence in space

A

12
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=y 4

Low latency earlydzalert systems. « &

SATELLITE INTELLIGENCE PIPELINE

Land monitoring

4 N o ) a4 A
SATELLITE ONBOARD ALERT CREATION
CONSTELLATION PROCESSING AND TRANSMISSION
® ® 2
Data acquisition from Al/ML algorithms extract Relevant alerts are generated
distributed satellites insights and detect events and transmitted to ground
across the orbit. directly on board. stations and users.
e P e P % ¥
A LOW LATENCY AUTONOMY (o) SCALABILITY /b ACTIONABLE INTELLIGENCE o .
— \/> Faster insights Operate independently 0 _‘@ Designed for large @ Timely, accurate alerts I\/I arltl m e S u rve I | | an CeS
TN when it matters in real time constellations for better decisions

A Fast delivery of actionable insights is promising
for disaster -response and \

land (e.qg., illegal deforestation)/maritime
survelllance applications [3,4]

Score: 0.91

Credits: Dr Roberto Del Prete

13
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R~/

Payload Data reducti@h/filtering. 7. =« 3

"’ Y
o
LT ."-.‘

A CIOUdS : On-board Al: first ®-sat-1 data

Al-computed Cloud mask superimposed on
cloud mask the hyperspectral image

A 50% (or more) data are covered by clouds

A Optical images suffer of cloud-occlusion

A By using Al on board satellites, you can:

A detect cloudy images and discarding them

Credit; ESA

before transmitting
A Saving bandwidth for useful images
A Demonst r a-Ba-Hmidsign [54

A You can extend this paradigm to corrupted or non-wanted images.

14
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Cloud computing in Space

A In-orbit cloud computing

A Using virtualisation and orchestration services to
to distribute computing load over heterogeneous

satellites

AData are processed in spacEh

(processing spaceborne data but also Earth-borne data)

A Satellite as a service

A Using satellites to task acquisitions and execute computing loads

A Enabling commercial applications

15
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Novel acquisition systems ( Tip & Cue) Cesa R

e 2 > N\ 7 R £ By ( i
a TIP SATELLITE 9 EVENT DETECTION e TIP MESSAGE a CUE SATELLITE e HIGH-RESOLUTION
ACQUISITION
Wide swath search Onboard Al/ML Event location and Receives cue and
Low-resolution detects an event metadata are repoints to target Narrow swath

high-resolution data

generated and sent
is acquired and

via ISL and/or relay
e% downlinked
S . J/ (. J/ 7

v - o - . - . . 3 - .
- - - T ? S 3 - S— < » - i
= .y : ) .
< g g e . - e 4
< - e e e - ~E e

T D

A Extracting actionable insights enable event-based acquisition replanning
A Satellites with complementary sensor can cooperate in the acquisition of specific targets

A In the example before, the acquisition scheme can enable high-resolution and higher-revisit

acquisition at the same time 0
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Towards CognitivelCloud Cemputing in Space  Gesa v

Why Cognitive Cloud Computingpacg?2]?

New 3C&nabled applications

A Early alert systemg.g.disaster monitoring, maritime
survelllance)

A New observation modéé.g., tip & cue)

: A New commercial missiorgs.g.space cloud, satellite as
Integrating mature technologies into a services)
cohesive architecture Is ongoing. 5
N e W 4=l =m0 Il K mi= E —
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Toward federationiof systér@ .of systems -

o —— '

3CS: FEDERATING TASKS & ACQUISITION
ACROSS MULTI-OPERATOR SATELLITE NETWORKS

One collaborative fabric. Many operators. Shared value. ~ =~ Inter-Satellite Link (SL)

- = 3CS Control & Data Plane
— — Ground Link

PARTICIPATING OPERATORS OPERATOR B OPERATOR C OPERATOR D

= 4
il
"\;‘ OPERATOR A OPERATOR A : | P ] | A OPERATOR E
%.% Optical Satellite 3 g, :

Q. OPERATORB

2%  SAR Satellite
GROUND SEGMENT

g /ﬁ Multi-Operator

a®s  OPERATORD — \\\ Ground Stations

-4':‘:)v \ \

@e"  VLEO Satellite ; i

, == a
S Data Services
: [ = — = o
&,  OPERATORE i : y : \\ \ .‘ : .\ o @
’ ] \ \ \
| N e ant SR i g ol

R — & Users
¢o% Data Relay Satellite

Q@@ OPERATOR C
#a®.  Hyperspectral Satellite

TASK INGESTION

ser or system

A Federation of EO satellite constellations operated by multiple operators
A Acquisition tasks (as for tip & cue) and computing load could be shared within satellites
belonging to constellations operated by multiple operators (as in cloud computing)
A Shared value enabled by cooperation

A Requiring complex orchestration systems



Outline

A
A

A A brief introduction to hardware for payload data processing

A

19
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Metrics to evaluatéispace edge hardware (1/2)  @esa omy

A Computing power/performance
A Typically measured through:
0 General Indicators: FLOPS or specific benchmarks (e.g., DHRYSTONE)

0 Application-specific indicators: latency (s), throughput (e.g., Frames Per Seconds)
A Why important : some applications require fast responses => fast in-orbit processing

A Energy -efficiency:
A Typically measured through:
0 General Indicators: [J], Energy-per-operation
0 Application-specific indicators: Energy/inference

A Why important : limited energy availability and thermal dissipation constraints affect the
maximum power consumption that can be afforded (N.B. O 0 ¢Y"Y

20
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Metrics to evaluatéispace edge hardware (2/2)  @esa oy

A Radiation :

A Charged patrticles (e.g.,iones, el ectrons, €é) hitting devi
permanent failures on devices

A Why important : decreasing systems reliability

A Cost:
A Cost can be divided into two components:

0 0 U YO(Non-recurring engineering cost). Non depending on the number on number of
pieces produced (V)

0 0 'YO(Recurring engineering cost). 0 'YO| U

A Size, mass :
A Typically measured in: m3, kg
A Why important : impacting design, costs

21
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Hardware for in-ofdit inference. . ;

Attribute

Central Processing Units
(CPU)

Graphics Processing Units

(GPU)

Field Programmable Gate
Arrays (FPGA)

Eesa

Al Accelerators
(VPU/TPU/NPU)

Architecture

Fixed processor cores
executing software

Fixed massively parallel
processing architecture

Reconfigurable logic and
Interconnect fabric

Dedicated Al processing
engines

Programming Model

Software execution

Parallel kernels

Hardware mapping and logic

Neural network graphs

design
Flexibility Very High High Medium Low-Medium
Computational Efficiency Low Medium High Very High
Energy Efficiency Low Medium High Very High
C_NRE Very Low Low Medium-High Low
C RE High High Medium Medium-Low
Typical Radiation Tolerance High Low-Medium High Low-Medium

Typical Applications

Control, autonomy, planning,

FDIR

Vision processing, image

analytics, Al

SDR, real-time processing, Al

acceleration

DNN inference

N | i
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Outline

A Technical challenges/research trends

A

23
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Technical Challengés

Thermal Management

)

Communication constraints

. e Limited communication
Power Constraints bandwidth

e Limited line of sight

Mission-specific Constraints

Limited power budget
Depends on orbit &
satellite design

Radiation Effects

&
e Damages and systems

restart
e Corrupted data

Restrict the time for

processing
Depends on orbit &
satellite design

Limited dataset availability
* New onboard sensory

* Not representative datasets
(e.g., raw data, domain gap)

N ol W 1= 1111 =
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Limited dataset repréSentativeness: domain gap problemesa oy

A Domain gap problem
A Al models are trained on a source dataset

A In their operational scenario (i.e., on board) Al models work on a target dataset featuring a
Ndomai n shifto compared to the source dat

A What can cause a domain shift in EO?
A Different operational conditions (e.g., acquisition time)

Credits: Rens Van Der Linden

25
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Limited dataset repréSentativeness: demain gap proble@esa oy

AWhat can cause a domain shift in EO?
ADifferent operational conditions (e.g., acquisition time)

ANot sufficient comprehensive training set (e.g., containing limited
geographical areas, limited samples In a time series)
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Limited dataset representativen’"éés;domain gap proble@esa oy

A What can cause a domain shift in EO?
A Unavailability of target data at training time (for instance, when the target sensor is new)
A Sensor degradation and noise drifting

Source domain Target domain

~\

Y. ARE A
\: ]) ' h
SR T 1 ,.'4,‘ : ,,f
GF s R :

| Striped noise

Simulated 0 sat-2 Real U sat-2
acquisition 1 L1 level Acquisition T L1 level

Credit: Giorgia Guerrisi (for more info, refer to [7])
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Limited dataset représentativeness: . domain gap problem@esa oy

A What can cause a domain shift in EO?
A Lack of fidelity in reproducing onboard data processing chains

A Onboard Al demonstrators are
typically made using high-end U e
processing levels (e.g., L1C)

A However, reproducing the on-ground
processing chains on board Is

Compression

typically unfeasible
7
'y 7/
7 4 4 ™
7. @ ' I : rectificati L1
LO Metadata ’ - Rac tric Geometric & 1:30 Ortho-rectification C
AN S i Decompression RN model &
Seneraton L1A [ : appended TOA calculation
N y

y Archive

Reproducing onboard processing chains require raw data, which are often unavailable, even
for sensors for which higher level products are publicly released (e.g., Sentinel-2) |3]

28
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Domain gap mitigatioh strategies * ,

A Data download, fine -tuning, and models retraining
A Currently adopted in most of EO missions leveraging new sensors

A Simple approach but leads to longer in-orbit commissioning or operational missions
overhead and and poor automation |8]

A In-orbit domain -gap adaptation techniques [9 -11]

A Techniques [10-11] currently experimented on satellite imagery aim at performing continual
domain gap assessment and adaptation via model fine-tuning

A Might require additional hardware (e.g., GPUSs) to speed up computation

A Using Foundation Models (FMs) on board
A Being pre-trained on massive amount of data, FMs could be more resilient to domain shifts
A FMs are computationally expensive. Onboard deployment is tricky.

29
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Energy constraintsSs e Cesa (ol

A Energy availability fixes the maximum area that can be acquired and processed on board within an
orbital period

Communication
constraints
. Energy e -
A Image pre -processing o wssionseci

A Data used on the ground are high-end post-processed
Therma

4 . . . anagement adiation

A Same level of post-processing Is often not achievable on board - — “Efecs

Limited dataset
availability

due to power limitations
A Pre-processing creates significant latency (even higher than Al inference!)

that Is critical for some applications (e.g., natural disasters)

A ldea: Can Al process directly raw data (with minimal pre-processing)?

A Case study : thermal anomaly (i.e., volcanic eruption/wildfire) patch classification on
Sentinel-2 raw data

30
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How Sentinel-2 rallf data looK like (1/2)? -

A Sentinel-2 is a multispectral pushbroom sensor :
A Multispectral 7 13 bands in the Visible, Near-Infrared, SWIR ranges

A Pushbroom :
o Satellite acquire by «sweeping» over a certain area along track
0 An acquisition stops after 3.6 s.
0 The area acquired of a single detector in 3.6 s Is called Granule

o Parallaxis between bands in a detector make bands acquire different area (Bands are not
registered )

31
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How Sentinel-2 rallf data look like (2/2)?

g - - -~
UM & h
" - AN F

A Lack of bands registration

1 detector —E 3-bands

BO2 BO3 BO4

BO2 BO3 BO4

A In addition, no radiometric processing (except for bans equalisation)

32
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Classical bands c@=registration technigues

AThere are several co-registration techniques (based on computer vision or mechanical model)
AComputer vision -based bands displacement correction

AMost of them use computer vision techniques to extract and match keypoints

AThe average key-points distance provide the registration shift to be matches

Aln addition to displacement, some registration corrects errors in rotation, warping, etc.
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